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Bone morphogenetic proteins (BMPs) induce ectopic cartilage and bone when implanted intramuscularly in adult rats.
Expression data suggest that BMPs signal skeletal development in embryos. An important question is which cells are
targets of BMP signaling in adult and embryonic tissues. Here, we examined the effect of BMP-2 on micromass cultures
of chick limb bud mesenchyme. We report that BMP-2 promotes formation of cartilage and simultaneously inhibits
development of muscle cells. To follow the fate of presumptive muscle cells, we replaced chick somites with quail somites
at the wing level and made micromass cultures from the chimeric wings. In untreated cultures, quail cells formed muscle
but not cartilage. In BMP-2-treated cultures, quail cells disappeared altogether. This suggests that BMP-2 may simultane-
ously promote cartilage differentiation and reduce the presumptive myogenic cell populations in regions of skeletal develop-
ment. q 1996 Academic Press, Inc.
INTRODUCTION in cartilage initiation. Mesenchymal cells of the limb are
indistinguishable morphologically but are a mixture of pre-
Bone morphogenetic proteins (BMPs) are a family of se- sumptive muscular cells and connective tissue which have
creted signaling proteins that are able to induce formation of different embryological origins (reviewed by Christ and Or-
ectopic cartilage and bone when implanted at intramuscular dahl, 1995).
sites in adult rats (Wozney et al., 1988; Kingsley, 1994). To investigate the effects of BMP-2 on chondrogenic and
Nothing is known about the origin of cells recruited to be- myogenic cell lineages, we used micromass cultures of dis-
come cartilage and bone at these ectopic sites. One possibil- sociated chick wing bud mesenchyme. When these cells are
ity is that BMP-2 recruits muscle cells to a chondrogenic plated at high density, they subsequently differentiate into
fate. Expression data and recent analysis of skeletal muta- cartilage and muscle (Swalla and Solursh, 1986).
tions suggest that BMP family members provide an overlap-
ping set of signals that initiate cartilage formation in differ-
ent parts of the body during embryonic development (Kings- MATERIALS AND METHODS
ley, 1994). BMP-2 is expressed during mesenchyme
condensation in the limb (Kingsley, 1994), suggesting a role Construction of a Recombinant Retroviral Plasmid
Encoding Human BMP-2
The human BMP-2 (hBMP-2) coding region was excised from1 To whom correspondence should be addressed at Institut d'Em-
bryologie du CNRS et du colleÁge de France, 49 bis avenue de la plasmid PSP65 (Wozney et al., 1988) and inserted into the ClaI
site of the replication-defective retroviral vector pCRNCM (de laBelle Gabrielle, 94736 Nogent sur Marne, France.
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Pompa and Zeller, 1993) in the sense and antisense orientation, and inhibiting myogenesis is therefore interesting and
yielding plasmids hBMP-2/pCRNCM and Control/pCRNCM, re- raises the possibility that hBMP-2 transforms myoblasts
spectively. The packaging cell line Q2bn was transfected with these to a chondrogenic fate. Since presumptive muscle cells
plasmids and stable transfectants were selected as described by de originate in the somites and constitute a cell lineage sep-
la Pompa and Zeller (1993). arate from connective tissues that arise from lateral plate
mesoderm, we can follow the fate of presumptive muscle
cells by replacing chick somites with quail somites. InSomite Transplantation Experiments
3-day cultures made from such chimeric wing buds, carti-
Five somites (16 to 20) were extirpated from a stage 14 chick lage had differentiated (Figs. 2B and 2D; n  10) and quail
embryo and replaced by their counterparts from a quail embryo at cells were detected, using antibody QCPN, around the
the same developmental stage. cartilage nodules (Fig. 2D; 6 of 10 cases). Micromasses
cultured in the presence of supernatant from Q2bn cells
stably transfected with hBMP-2/pCRNCM exhibited anMicromass Culture
increase in cartilage nodules (Figs. 2C and 2E), but the
Wing buds were dissected from stage 21/22 White Leghorn chick quail cells disappeared (Fig. 2E; n  5) and were never
embryos and chimeric quail/chick embryos or from quail embryos detected in cartilage nodules. Control micromass cul-
of equivalent stage. High-density micromass cultures were pre- tures of quail wing bud mesenchyme gave rise to chon-
pared from mesenchyme as described by Swalla and Solursh (1986).
drocytes and muscle cells, both of which were QCPN-Ten-microliter drops of cells were plated at 2 1 107 ml01 in Ham's
positive, and BMP-2-treated quail micromasses con-F12 medium containing 10% (v/v) fetal calf serum and cultured
tained increased amounts of QCPN-positive cartilage butovernight. The next day, micromasses were cultured in the same
no muscle cells (data not shown).medium or with supernatant from Q2bn cells stably transfected
with hBMP-2/pCRNCM or Control/pCRNCM. After 2 more days, These data show that the increased cartilage differenti-
micromass cultures were ®xed in 2% (w/v) paraformaldehyde for ation is not due to cells of myogenic lineage being re-
15 min. Immunohistochemistry was performed using the Vecta- cruited into cartilage, suggesting that only cells derived
stain kit (Vector Laboratories). Monoclonal antibody 83B6, against from nonsomitic mesoderm can be induced by BMPs to
striated muscle myosin heavy chain, was used at a dilution of 1/ undergo chondrogenesis. This could be relevant to the
400 in PBS. QCPN antibody (Hybridoma Bank), against a quail
origin of ectopic bone after implantation of BMPs in in-nuclear protein, was used undiluted. Cultures were stained for car-
tramuscular sites in adult rats (Wozney et al., 1988).tilage with Alcian blue.
The ®nding that myogenic cells were lost from cultures
treated with BMP-2 was unexpected and differs from
studies showing that BMP-2 converts cultured C2C12RESULTS AND DISCUSSION
myoblasts and primary muscle cells to osteoblast lineage
(Katagiri et al., 1994). This suggests that the inhibitoryMicromass cultures of stage 21/22 chick wing bud mes-
effects of BMP-2 might be restricted to a population ofenchyme were treated with BMP-2-containing superna-
early myoblasts found in the micromasses. The effecttant from cultures of Q2bn cells stably transfected with
of BMP-2 would then differ from that of TGF-b, whichplasmid hBMP-2/pCRNCM. There was a marked in-
inhibits muscle-speci®c gene expression in primary cul-crease in formation of cartilage nodules, as determined
tures of fetal (late) skeletal myoblasts, but has no effectby Alcian blue staining (Figs. 1C and 1D), compared to
on embryonic (early) myoblasts (Cusella-De Angelis etuntreated control cultures (Figs. 1A and 1B) or to cultures
al., 1994; Olson, 1992) or on myoblasts in chick wingtreated with supernatant from Q2bn cells stably
bud micromasses (Scho®eld and Wolpert, 1990). It maytransfected with Control/pCRNCM (Figs. 1E and 1F). A
be that BMP-2 is involved in regulating early myogenesis,similar effect was obtained by Roark and Greer (1994),
while TGF-b regulates the late phase of myogenesis. Thewho treated micromass cultures of stage 24/25 forelimb
mechanism by which BMP-2 inhibits muscle develop-bud mesenchyme with recombinant hBMP-2. In contrast,
ment in micromass culture remains to be determined.muscle cells were almost completely absent from hBMP-
BMP-2 could inhibit proliferation or induce presumptive2/pCRNCM-treated cultures (Figs. 1C and 1D), whereas
muscle cells to undergo apoptosis. BMP-4, which ismuscle cells were abundant in untreated (Figs. 1A and
closely related to BMP-2, can regulate cell death in the1B) and in Control/pCRNCM-treated cultures (Figs. 1E
developing hindbrain (Graham et al., 1994).and 1F). Thus, enhancement of cartilage nodules was ac-
During normal limb development, potential myogeniccompanied by inhibition of muscle development in
cells are at ®rst diffusely distributed and later becomehBMP-2-treated cultures.
regionalized into dorsal and ventral muscle massesChondrogenesis and myogenesis occur independently
(Christ and Ordahl, 1995). BMP-2 produced during earlyof each other in micromass cultures, so that treatments
skeletal development could eliminate myogenic cells inthat enhance chondrogenesis do not automatically in-
these regions and thus help to regulate both muscle andhibit myogenesis (Swalla and Solursh, 1986). The simul-
taneous effect of hBMP-2 in promoting chondrogenesis skeleton position.
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FIG. 1. Effects of hBMP-2 on micromass cultures of stage 21/22 chick wing bud mesenchyme. Three-day micromass cultures grown in
medium alone (A and B), in supernatant from hBmp-2/pCRNCM-transfected Q2bn cells (C and D), or in supernatant from Control/
pCRNCM-transfected Q2bn cells (E and F). Cultures were stained with monoclonal antibody 83B6, directed against striated muscle myosin
heavy chain, and then with Alcian blue for cartilage. Scale bars, A, C, and E, 930 mm; B, D, and F, 125 mm.
FIG. 2. (A) Diagrammatic representation of quail±chick grafting experiments. Somites 16±20 (at wing level) were excised from a quail
donor embryo and implanted at the same position in a chick host. Manipulated embryos were incubated for 2 days more and one micromass
culture was set up from each operated wing. (B and D) Micromass cultures of 3 days from manipulated right wings grown in medium
alone. (C and E) Micromass cultures of 3 days from manipulated right wings grown in supernatant from hBmp-2/pCRNCM-transfected
cells. Cultures were stained with monoclonal antibody QCPN, directed against a quail nuclear protein, and then with Alcian blue for
cartilage. Light brown spots visible in (E) represent nonspeci®c binding of antibody QCPN and are distinguishable from the darker brown
staining of speci®c binding (C). Scale bars, B and C, 930 mm; D and E, 125 mm.
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